The neutron lifetime (τ n ) is one of the basic parameters in the weak interaction, and is used for predicting the light element abundance in the early universe. Our group developed a new setup to measure τ n with the goal precision of 0.1% at the polarized beam branch BL05 of MLF, J-PARC. The commissioning data was acquired in 2014 and 2015, and the first set of data to evaluate τ n in 2016, which is expected to yield a statistical uncertainty of O(1)%. This paper presents the current analysis results and the future plans to achieve our goal precision.
Introduction
A free neutron decays into a proton, an anti-neutrino, and an electron through the beta decay process, and its lifetime (τ n ∼ 880 sec) is a fundamental parameter in the weak interaction. In the theory of the Big Bang Nucleosynthesis, τ n plays a crucial role in predicting the light element abundance in the early universe [1] . It is also used for evaluating the V ud element in the CKM matrix [2] . Our group developed a new setup to measure τ n with a precision comparable to that of previous experiments, using the pulsed neutron beam at J-PARC (Japan Proton Accelerator Research Complex).
Motivation
There are mainly two types of previous experiments to measure τ n . One is the in-flight method, in which a cold neutron beam is injected into a chamber and the protons from beta decay are detected. The other is the UCN storage method, in which UCNs (Ultra Cold Neutrons) are stored in a chamber and the number of remaining neutrons is counted after a certain period of time. However, there exists a significant deviation of 1.0% (3.8σ ) between the results of these two methods ( Figure  1 ). This prevents, for example, the precise prediction of the light element synthesis in the early universe. In order to test which result is correct, our group plans to measure τ n with the precision of 0.1% using a different method. [2] [3] . The results of the in-flight method and the UCN storage method are expressed as red and blue points, respectively. There exists a 1.0% (3.8σ ) deviation between the average results of these two methods.
Measurement principle
As the detector of this experiment, a Time Projection Chamber (TPC) filled with He and CO 2 gas is used. The pulsed neutron beam enters the TPC and both electrons from beta decay and 3 He(n, p) 3 H events are detected simultaneously. Since the 3 He pressure is evaluated in advance, the total neutron fluence can be evaluated using the number of 3 He(n, p) 3 H events detected by the TPC. Finally, τ n can be expressed as the ratio of these two types of events as
Here, σ (v 0 ) is the 3 He(n, p) 3 H cross section at the neutron velocity of v 0 = 2200 m/s, ρ is the number density of 3 He in the TPC. We utilize the characteristic that the cross section is inversely proportional to the neutron velocity. N3 He and N β represent the number of detected events in the TPC of 3 He(n, p) 3 H and beta decay, respectively, and ε3 He and ε β are their respective efficiencies. Each efficiency is evaluated using the Monte Carlo simulation based on the Geant4 simulation package [4] .
Setup
This experiment utilizes a pulsed neutron beam at BL05, MLF (Materials and Life Science Experimental Facility), J-PARC. Here, the neutron beam has a typical energy of 10 meV, and it is polarized to the ratio of 95.62(3)% [5] . The expected neutron flux at this polarized beam branch is (3.9 ± 0.3) × 10 7 /cm 2 /s at the design operation power of 1 MW [6] [7] . The polarized neutron beam first enters a device called the Spin Flip Chopper to form neutron bunches. Downstream of the Spin Flip Chopper is the TPC, which detects both beta decay and 3 He(n, p) 3 H events simultaneously. The length of each bunch is made to be about half of the TPC length, therefore we are able to analyze the data only when the neutron bunch is completely contained inside the TPC.
Spin Flip Chopper
The Spin Flip Chopper is used for forming neutron bunches from the continuous neutron beam [8] . It is composed of two RF flippers and three magnetic super mirrors (Figure 2) . A magnetic field of 1 mT is applied over all devices to maintain the neutron polarization. The RF flipper is able to flip the neutron polarization when the flipping frequency satisfies the resonance condition. In the magnetic super mirror, the potential a neutron feels changes depending on its polarization direction, thus only neutrons polarized in a particular direction are reflected and guided to the downstream TPC. Therefore, by adjusting the duty factor of these flippers, the neutron bunches with arbitrary length can be formed.
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Spin flip chopper
In this section, the principle and the performance of the spin flip chopper (SFC) are described. The flight path of the neutron depends on the spin state as described in Section 3.3.1. The SFC has two components, a magnetic super mirror (MSM) and a radio frequency flipper (RFF) in the guide coil, which are described in Section 3.3.2 and 3.3.3, respectively. The performance of the SFC is presented in Section 3.3.4.
Overview of the SFC
The overall view of the SFC is found in Figure 3 
Time Projection Chamber
The TPC has the sensitive region of 290 mm × 300 mm × 960 mm (Figure 3 ), filled with 4 He (85 kPa) + 3 He (100 mPa) + CO 2 (15 kPa) gas [9] . There are three layers of MWPC (Multi Wire Proportional Chamber) in the upper part to collect drift electrons. Anode and field wires are arranged alternately in the same plane parallel to the beam direction. Cathode wires are strung
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Precise neutron lifetime experiment using pulsed neutron beams at J-PARC Naoki Nagakura above and below the layer of anode and field wires, perpendicular to the beam direction. The wire interval is 6 mm in all planes. Signals at each wire are amplified in preamplifiers and read out through 12-bit flash ADCs. The electric field inside the TPC is set about 300 V/cm, and the corresponding drift velocity of electrons is evaluated to be 1.0 cm/µs. The TPC has two important characteristics specialized for this experiment. One is that it is made of low background material called PEEK (PolyEthel Ethel Ketone). This significantly reduces the environmental background for beta decay. The other is that its inside walls are covered by 5 mm-thick 6 LiF plates in order to absorb scattered neutrons without the emission of prompt gamma rays. 
Analysis
This section describes the analysis strategies to evaluate τ n from the acquired data. First, the whole data set for the analysis is introduced. Next, the separation of the two types of signal events is explained. Finally, subtraction methods are proposed for each type of backgrounds. Table 1 lists the data set acquired during the beam time in 2016. In addition to the beam passing mode, the data of the beam dumping mode is acquired for evaluating background, during
Data set
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Precise neutron lifetime experiment using pulsed neutron beams at J-PARC Naoki Nagakura which a 6 LiF shutter immediately upstream of the TPC is closed. X-rays of 5.9 keV from a 55 Fe source are used for the energy calibration. Cosmic ray data is used for evaluating the drift velocity of electrons. The time of flight distribution for both the beam passing and the beam dumping modes are shown in Figure 4 . The commissioning data was acquired in 2014 and 2015, and the first set of data to evaluate τ n from April to June in 2016. Figure 5 shows the result of data accumulation in 2016 with four types of gas mixture. The total data taking time reached about 250 hours for both the beam passing and beam dumping modes. The MLF operation power was about 200 kW at this time. The combined statistical uncertainty on τ n is expected to be about 1%.
Separation of 3 He(n, p) 3 H and beta decay events
The precise separation of 3 He(n, p) 3 H and beta decay events are significant in this experiment because it directly affects the result of τ n . Since the energy deposit per wire for 3 He(n, p) 3 H is much higher than that of beta decay, these two can be separated using the maximum energy deposit among all field wires.
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Precise neutron lifetime experiment using pulsed neutron beams at J-PARC Naoki Nagakura Figure 6 shows the distribution of the maximum energy deposit among all field wires for both the beta decay and 3 He(n, p) 3 H events. The separation energy is set at 25 keV, at which the selection efficiencies of 97.98(5)% and 99.98% can be obtained for beta decay and 3 He(n, p) 3 H, respectively. Figure 6 : Distribution of the maximum energy deposit among all field wires; linear scale (left) and semilogarithmic scale (right). The separation energy between beta decay and 3 He(n, p) 3 H is set at 25 keV.
Background
There are four types of backgrounds expected for beta decay. One is the environmental background (A), such as cosmic rays and natural radiation. Another is referred to as the upstream background (B), which is the radiation originating mainly from the neutron source and the Spin Flip Chopper. The third is the radioactivation inside the TPC (C). The fourth is the beam-induced
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Precise neutron lifetime experiment using pulsed neutron beams at J-PARC Naoki Nagakura background (D), such as prompt gamma rays coming from the interaction between the TPC wall and a scattered neutron. Both type(A) and type(B) backgrounds can be subtracted using the beam dumping data because they exist even without neutrons inside the TPC. Type(C) background can be estimated using the sideband region, where the time of flight of a neutron is between 4 ms and 10 ms. Type(D) background can be evaluated based on the characteristic that tracks exist uniformly inside the TPC. Figure 7 shows the distribution of the distance between the closer endpoint of the track and the beam position. The cut position is set at the distance of 4 wires (24 mm) from the beam center. The efficiency for beta decay at this cut position is evaluated to be 97.56(5)%. The event rate in the background region is interpolated to estimate the amount of type(D) background inside the signal region. Table 2 lists the uncertainties estimated for τ n using the commissioning data acquired in 2014. All types of uncertainties have been evaluated with the exception of the beam-induced background, which is undergoing study. After the completion of our analysis, the first result will be published soon, whose precision is expected to be O(1)%.
List of uncertainties
Future plan
In order to achieve our goal precision of 0.1%, both statistical and systematic uncertainties need to be reduced by a factor of 10 times. Regarding statistics, the MLF operation power will increase from current 200 kW to the design operation power of 1 MW within a few years. In addition, we plan to upgrade the beam transportation system so that the whole beam at this beam branch (4 cm 10 cm) can be injected into the detector. We expect to achieve our goal precision from 40
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Precise neutron lifetime experiment using pulsed neutron beams at J-PARC Naoki Nagakura 3 H cross section 0.13 -days data taking after these upgrades. Regarding systematics, it is also planned to add additional layers of wires in the TPC in order to improve the separation of the beam-induced background.
Conclusion
The neutron lifetime is one of the fundamental parameters in the weak interaction. However there exists a significant deviation of 3.8σ between the results of previous two types of experiments. In order to resolve this serious problem, our group developed the new devices to measure τ n using the pulsed neutron beam at J-PARC. Almost all of the uncertainties have been evaluated at present, and the first result, whose precision is O(1)% on τ n , will be published soon. Several upgrade plans to achieve our goal precision of 0.1% are also being carried out in our group.
